Estimating infiltration losses is very important for calculating runoff and recharge. However, the accuracy of contemporary infiltration models for disturbed urban soils may not be adequate, potentially compromising calculations based upon them. The objective of this study was to assess the performance of the two most prevalent infiltration models, Horton and Green-Ampt, for applications in urban soils. The data were measured by the US Environmental Protection Agency in a large city for soils with various characteristics of texture, structure, age, compactness, and dryness/ wetness. The results indicate both models performed better in predicting infiltration rates for clayey rather than sandy soils, for new rather than old soils, and for wet rather than dry soils. For the clayey soils, both models performed better for the noncompact than compact soils. The opposite was true for sandy soils. Overall, neither infiltration model performed well for most soils, with the sole exception of the new clayey, wet, noncompact soils. The generally poor performance of the models in disturbed soils will likely increase uncertainty in model predictions. This study demonstrates the need to develop improved, more robust infiltration algorithms applicable to urban soils and various kinds of urban development that are based on carefully measured field experimental data.
INTRODUCTION
Urban soil infiltration (hereinafter simply termed as infiltration except as otherwise specified) is a very important component of the hydrologic cycle (Viessman & Lewis ) , directly impacting calculations of runoff. Since estimating runoff depends upon accurate estimates of infiltration, the method for estimating infiltration needs to be appropriately However, since direct measurements only represent localized and instantaneous values of infiltration under specific test/experimental conditions, they are difficult to generalize because of the spatial heterogeneity of soil characteristics such as texture, age, structure, degree of compaction (i.e., compactness), and moisture.
Soil texture can be treated as an intrinsic characteristic because it does not change much with time, whereas the other four (i.e., soil age, structure, compactness, and moisture) are extrinsic characteristics because they are functions of time (Yang & Zhang ) . The last three characteristics (i.e., structure, compactness, and moisture) can be changed easily by external loadings from vehicles, pedestrians, and spatial unit for analysis of stormwater impacts (Viessman & Lewis ; Rossmiller ). Instead, limited measurements have been used to develop and validate various mathematical infiltration models (e.g., Lassabatere et al. ) , which in turn have been used to model infiltration in a catchment at a continuous time step (e.g., Hamel et al. ; Rosa et al.
).
In the literature (e.g., Mishra et al. ) , existing infiltration models are classified into three groups: physically based, semi-empirical, and empirical. The physically based models are direct derivatives from the mass-conservation and Darcy's laws (Todd & () did better than the models presented in Mishra et al.
() because most soils in the former study are clayey, while most soils in the latter study are sandy. This implies that infiltration models tend to demonstrate a better fit to observed data for clayey as opposed to sandy soils. SWMM has also been widely used to design and assess low impact development (LID) devices (e.g., bioswales, bioretention, permeable pavement, green roofs) (Wang et al. ) . LID relies on infiltration, so as these practices become more common, it becomes more critical to improve the underlying infiltration models. Thus, a central question has emerged: how well do these two models perform for urban soils? The objective of this study was to address this question using analysis of the field experimental data presented in Pitt et al. () .
In practice, because of its simplicity and ease for parameterization, the SCS (Soil Conservation Service, now Natural Resources Conservation Service) curve number (CN) method (USDA-NRCS ) is also incorporated into various modeling software packages, including SWMM, as an alternative infiltration model. The SCS-CN method was originally developed for agricultural watersheds and empirically migrated to urban catchments with little scientific base.
Nevertheless, a number of studies (e.g., Holman-Dodds et al. Thus, the SCS-CN method was not included in this study.
DESCRIPTION OF THE HORTON AND G-A MODELS The Horton model
The semi-empirical Horton infiltration model can be expressed as (Horton ):
where Horton method is that k is independent of soil moisture content.
The G-A model
The G-A model (Green & Ampt ; Hilpert & Glantz ) assumes that: (1) the soil profile is homogenous and isotropic; (2) the antecedent (i.e., initial) moisture is uniformly distributed throughout the profile; (3) the soils above 'wetting front' are naturally saturated before the front moves further down; (4) the soils below the front maintain their initial moisture; and (5) water is always available for infiltration.
The physically based G-A model can be expressed as (Green & Ampt ) : 
where λ [-] is the pore-size distribution index; and ψ b [L] is the bubbling (or air-entry) capillary pressure head.
MATERIALS AND METHODS
The experimental data For a given site, the bulk density of the noncompact soil was 27 to 35% larger than that of the compact soil. For a given soil, it was determined to be either dry (i.e., moisture, θ, less than half of the field capacity, θ fc ) or wet (θ ! θ fc /2).
The measurements were conducted for the 16 soil combinations listed in Table 1 NS can be computed as: If moisture is less than half of the field capacity (θ fc ), the soil is dry; otherwise, it is wet. If compactness >2,067 kPa, the soil is compact; otherwise, it is noncompact.
c If age <15 years, the soil is new; otherwise, it is old. If percent sand (diameter !0.062 mm) >50, the soil is sandy; otherwise, it is clayey (Todd & Mays 2005 Table 1) . The model was judged to be better for a soil combination than another if the parameter discrepancies for the former combination were smaller than those for the latter combination. Here, the rationale behind such a judgment is that a model tended to be more robust for a soil combination that could give relatively consistent parameter values.
Second, for either the clayey or sandy and either new or old soils, the time series for the compact soils were pooled together into one dataset, whereas the time series for the noncompact soils were pooled together into another dataset. As a result, eight datasets (four for the clayey soils and another four for the sandy soils) were formulated. Afterwards, each was further divided into two subdatasets: one for model cali- 
RESULTS
Infiltration capacity of clayey soils by both Horton and
G-A models
As shown in Table 3 , for a new compact clayey soil, its infiltration capacity was better estimated when it was dry (NS ¼ 0.14-0.62; R 2 ¼ 0. for less than 22% of the experiments, the estimated infiltration capacity was poorer than the average of the experimental data. In contrast, for the old noncompact soils, less than 34% of the experiments were reproduced at an acceptable accuracy, while for more than 45% of the experiments, the estimated infiltration capacity was less accurate than the average of the experimental data.
Regardless of being new or old, for both the calibration and validation data, the experiments for the compact soils were better reproduced than those for the noncompact soils, as indicated by the fact that the NS and R 2 for the compact soils (NS ¼ 0.013-0.37; R 2 ¼ 0.12-0.44) are mostly larger than those for the noncompact soils (NS ¼ À0.14-0.029; R 2 ¼ 0.034-0.57) ( Table 3) val.: validation (1/3 of the experiments).
See Table 2 for definitions of the parameters. The numbers in regular fonts are for new (i.e., <15-year) soils, while the numbers in bold fonts are for old (i.e., !15-year) soils.
Infiltration capacity of sandy soils by both Horton and
As with the clayey soils (Table 3) , for a new compact sandy soil (Table 4) Table 2 . A solid arrow points to the soil(s) with an obviously higher accuracy, while a hollow arrow points to the soil(s) with a slightly higher accuracy. 
Parameters of the Horton model
For a given clayey or sandy soil, the replicate experiments gave very different values of f 0 in the Horton model (Tables 3   and 4 ). In general, the variation of f 0 between the sandy-soil experiments was found to be much larger than that between the clayey-soil experiments. For instance, for the dry compact clayey soils, f 0 was determined to vary from 18.98 to 76.2 mm h À1 , whereas for the dry compact sandy soils, f 0 was determined to vary from 114.58 to 1, 194 .96 mm h À1 .
This indicates that for the same (in particular sandy) soil, the calibrated value of f 0 using a set of experimental data of one rainfall event was likely not good for predicting the infiltration of another rainfall event. In addition, the variation of f 0 was also dependent on the soil age, dryness and wetness, and compactness. For both the clayey and sandy soils, the variation of f 0 for a new soil tended to be smaller than that for an old soil, while the variation for a compact soil tended to be larger than that for a noncompact soil.
The variation for a dry clayey soil was either larger or smaller than that for a wet clayey soil, depending on the age and compactness of the soil, whereas the variation for a dry sandy soil was consistently smaller than that for a wet sandy soil.
For parameter f c , its variation between the sandy-soil experiments was found to be much larger than that between the clayey-soil experiments. For the clayey soils, the variation of k between the experiments of a compact soil was smaller than that between the experiments of a noncompact soil, whereas for the sandy soils, the variation of k between the experiments of a compact soil was larger than that between the experiments of a noncompact soil. Overall, the variation of k between the experiments of a new clayey soil was either larger or smaller than that between the experiments of the responding old soil, the variation of k between the experiments of a new sandy soil, in contrast, was consistently smaller than that between the experiments of the responding old soil. Regardless of being clayey or sandy, k tended to have a larger value for a new soil than the responding old soil, indicating that the infiltration capacity of the new soil declined more quickly with time.
Parameters of the G-A model
For parameter λ, its variation between the experiments of a clayey soil tended to be smaller than that between the experiments of a sandy soil (Table 3 versus Table 4 ), indicating that ψ f (i.e., capillary pressure head at wetting front) of the clayey soils is more stable than that of the sandy soils. As expected, the λ value of a clayey soil was smaller than that of a sandy soil because clayey soils usually have a larger capillary pressure head (Equation (3)). In general, a new soil tended to have a smaller variation of λ than an old soil, and the variation was independent of dryness and wetness. Regardless of being clayey or sandy, the λ variation between the experiments of a noncompact soil was smaller than that between the experiments of a compact soil, with constant λ values for the new noncompact clayey (≈0) and sandy (¼0.29) soils.
For parameter θ r , its variation between the experiments of a clayey soil was much larger than that between the experiments of a sandy soil. The new clayey wet noncompact (NCWN) ( Table 1) soil had a constant θ r ¼ 0.034, while the wet noncompact sandy soils had a constant θ r ¼ 0.035. Regardless of being clayey or sandy, the variation of θ r was almost independent of dryness/wetness and age.
For parameter θ ns , it was mainly dependent on soil texture and compactness while slightly influenced by soil age. As expected, for a given soil, θ ns was independent of wetness or dryness. For parameter n, its variation for either the clayey or sandy soils was small and independent of age, compactness, and dryness/wetness.
For parameter ψ b , its variation for a compact soil was much larger than that for the responding noncompact soil, but it was independent of age and dryness/wetness. For the compact clayey soils, ψ b varied from 1,818 to 3,130 mm, while for the compact sandy soils, ψ b varied from 54 to 600 mm. For either the noncompact clayey or sandy soils, ψ b was determined to be constant. In contrast, saturated hydraulic conductivity, parameter K s , had large variations for most of the soils except for OCWC, NSDN, and NSWN. These three exceptional soils were determined to have constant K s values.
The Horton versus G-A model
Overall, the Horton and G-A models had a comparable performance in predicting the cumulative infiltration for a given soil, as indicated by the similar PBIAS values between the two models (Tables 3 and 4 ). Both models consistently underestimated the cumulative infiltrations of the clayey soils (PBIAS ¼ 3.5 to 27.0%), whereas the models underestimated the cumulative infiltrations of some sandy soils while overestimating the cumulative infiltrations of the others (PBIAS ¼ À10.1 to 6.2%). For a mixture of clayey and/or sandy soil, the prediction error of the cumulative infiltration could be become larger, as indicated by the relatively larger absolute PBIAS values for the soils signified by 'All,' 'Compact,' and 'Noncompact' in the tables.
In terms of predicting infiltration process, both models had an acceptable performance (NS >0.36) for the NCWN and NSDC soils (Tables 3 and 4) . However, the large variations of the parameters from one experiment to another could make it uncertain to parameterize either of the two models for the NSDC soil. This means that neither of the models could be applicable for the compact soils and soils with moisture of less than θ fc . For the NCWN soil, the two models had a comparable performance (Figure 3) , as indicated by their similar values of NS and R 2 . However, for an area with the mixture of new, old, wet, and dry noncompact soils, regardless of being clayey or sandy, it is highly unlikely that either of the models would accurately estimate the areal infiltration. It was logically reasoned that for an area with the mixture of compact/noncompact clayey and sandy soils, the infiltration models would not be expected to predict the areal infiltration well. In contrast, for an area with the mixture of new, old, wet, and dry compact clayey soils, the models would likely provide more reliable/reproducible predictions of the areal infiltration.
In summary, the Horton and G-A models were almost equivalent in reproducing the infiltration experiments of the disturbed urban soils listed in Table 1 . The models could rarely be used for the sandy soils, but they might perform fairly well for the clayey soils (in particular for the NCWN soil). Tables 3 and 4. However, the models could perform either better or worse for a dry than a wet soil, depending on the soil's age and compactness and the interactions thereof. For the new compact soils, the air trapped in the voids of a wet soil is harder to be removed than that trapped in the voids of a dry soil; for the old soils, on the other hand, the air trapped in the voids of a dry soil may be harder to be ), potentially lowering the confidence in their predictions. That is, it is always necessary to accurately model infiltration for any hydrologic analysis and design. Thus, our study can potentially benefit the entire (i.e., both academic and practical) hydrology community and urban stormwater managers.
DISCUSSION
Our current study has three major limitations. First, the study was conducted using data measured at a limited number of sites in just one city, Birmingham, Alabama, USA.
The extrapolation of the results to other urban areas, where the wetting/drying cycles and compaction levels are distinctly different from those of the study city, may need further verification using local data. Precautions should be made to generalize the results to those areas with predominantly sand-rich soils, whose infiltration rates can be dramatically affected by compaction, as pointed out by Pitt et al. () . Second, the study simply assessed the performance of the Horton and G-A models without an intention to improve them. Finally, the study did not examine how the uncertainty of infiltration prediction would propagate from site to catchment level. That is, the study did not examine how to scale up the site-level results. To overcome these limitations, in subsequent research, we will use/collect more data from various urban environments with different climate conditions to not only assess the performance of existing models but also develop more robust infiltration algorithms for disturbed urban soils. Also, we will develop the procedure of scaling up site-level results to determine/correct the uncertainty of catchment runoff prediction resulting from the uncertainty of infiltration estimation in urban environments.
CONCLUSIONS
This study assessed the performance of the Horton and G-A models in modeling infiltration of disturbed urban soils. robustness. The results indicated that the models performed better for the clayey than sandy soils, the new than old soils, and the wet than dry soils. For the clayey soils, the models performed better for the noncompact than compact soils, but for the sandy soils, the models performed better for the compact than noncompact soils. Overall, the models had a poor performance for most of the soils, except for 
